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Abstract 
We describe a tunable resonant cavity enhanced detector (RCED) for the mid-infrared employing narrow gap lead-chalcogenide 
(IV-VI) layers on a Si substrate. The device consists of an epitaxial Bragg reflector layer, a thin p-n+ heterojunction with PbSrTe 
as detecting layer and a micro-electro-mechanical system (MEMS) micromirror as second mirror. Despite the thin absorber layer 
the sensitivity is even higher than for a conventional detector. Tunability is achieved by changing the cavity length with a 
vertically movable MEMS mirror. The device may be used as miniature infrared spectrometer to cover the spectral range from < 
3 μm up to > 30 μm. 
PACS: 85.60.Bt; 85.60.Gz; 85.85.+j 
Keywords: Resonant cavity enhanced detector; RCED; infrared detector; MEMS; micromirror 
1. Introduction 
Narrow band wavelength tunable detectors in the mid-infrared (MIR) region allow applications including thermal 
imaging and gas spectroscopy. One way to realize such devices is by using a Fabry-Pérot cavity as shown in figure 
1. It consists of two mirrors forming a resonant cavity and an absorber layer embedded within this cavity. Incoming 
radiation is reflected and a standing wave pattern forms depending on the cavity length. Tunability is achieved by 
changing the cavity length with a movable top mirror. The detected signal originates almost exclusively from the 
resonances, yielding a high signal to noise ratio due to optical field enhancement effects. The peak width (FWHM) 
of a resonance depends on the finesse of the cavity. Due to the multiple passes of the radiation within the cavity a 
high absorption and quantum efficiency can be achieved, even for a very thin absorber layer. This is a major 
advantage of a RCED in comparison with a conventional broadband photo detector coupled with a tunable band-
pass filter. The thin absorber within the RCED has a much smaller volume in which noise can be generated, further 
improving the signal to noise ratio. 
The first mirror is a distributed Bragg reflector (DBR) grown epitaxially with lead-chalcogenides on a Si-
substrate. It is followed by the thin p-n+ absorber layer forming a photovoltaic detector. Its bandgap is chemically 
tuned to be sensitive around 3.7 μm at 120 K. The second movable mirror is realized using a Micro-Electro-
Mechanical System (MEMS) micromirror. The diode-chip, including bottom DBR and the photodiode, and the 
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MEMS chip are manufactured separately and bonded together in a final step. The thickness of the SU8 spacer layer 
defines the length of the air cavity, which is typically 5-15 μm. We previously published a tunable RCED sensitive 
at ~5 μm, which has been realized with a piezo actuated top mirror [1]. 
1.Materials and Growth 
IV-VI semiconductors, namely PbTe and alloys thereof, are used for active layers due to their favorable 
properties in MIR devices. Lead-salts are narrow gap semiconductors with an absorption edge ranging from < 3 μm 
to > 30 μm, depending on composition and temperature [2]. Additionally, they have a very low Auger rate, which 
determines the thermal noise [3]. The bandgap and the refractive index of IV-VIs depend strongly on material 
composition and temperature. It can be engineered to shorter and longer wavelengths by forming ternary alloys with 
Eu or Sr and Sn. When compared to the commonly used CdHgTe, the dependence of the bandgap on composition is 
much less pronounced for lead-salts, allowing a very precise control of the cut-off wavelength even in the LWIR. 
The bandgap also changes with temperature, but contrary to most other semiconductors, its wavelength increases 
with decreasing temperature. A temperature change from room temperature down to 100 K shifts the cut-off of PbTe 
from 3 μm to 5.5 μm. 
Lead-salts have a very high refractive index and are therefore well suited for DBR. In conjunction with EuTe as 
complementary material with a low refractive index, the index contrast is n1/n2 = 2.3. This is much higher than the 
typical value of n1/n2 ~ 1.1 for the materials employed in II-VI and III-V DBR. While there typically 20 or more 
pairs of layers are required for applicable high reflectivity, with lead-salts already a small number of layers is 
sufficient [4]. 
The samples are grown by molecular beam epitaxy (MBE) on silicon(111) substrates. The thermal expansion 
coefficients as well as the lattice constants of silicon and lead-salts are quite different. This yields an induced stress 
when cooling down from growth temperature to room temperature or below. For (111) orientated lead-salts this 
stress can relax along the (100)-type glide planes. These planes are inclined and therefore have a lateral component 
allowing the relaxation of the layer. The growth in (111) orientation is ensured by a very thin intermediate layer of 
CaF2 [5]. 
,QFRPLQJ UDGLDWLRQ SDVVHV WKURXJK D Ȝ 3E1-xEuxTe antireflection (AR) layer as well as a 3 μm thick 
Pb0.96Sr0.04Te buffer layer beIRUHLWHQWHUVWKHFDYLW\WKURXJKDVLQJOHȜ%UDJJOD\HU7KHEXIIHUOD\HULVWUDQVSDUHQW
for the design resonance peak, but absorbs radiation with shorter wavelengths. All higher order resonance peaks are 
therefore effectively filtered before the radiation even enters the cavity. To minimize the influence of the buffer 
layer on the reflectivity of the DBR the external AR layer is needed. Its Eu content x ~ 8 % varies with the design 
wavelength and is chosen to yield the appropriate refractive index. Due to the high refractive index contrast the 
VLQJOHȜ(X7HOD\HUWRJHWKHUZLWKWKH3E0.96Sr0.04Te buffer layer already yields a reflectivity of 57 % at the center 
wavelength of 3.7 μm and 120 K. The photodiode is a p-n+ heterojunction with a 300 nm thin p-type Pb0.97Sr0.03Te 
absorber layer followed by a ~ 100 nm thick layer n+-Pb0.96Sr0.04Te:Bi. The thickness of the absorber layer is chosen 
for maximum quantum efficiency, depending on mirror reflectivities and absorption coefficient. 
 
Fig. 1: Schematics of a RCED with the lower diode-chip including the DBR and the upper MEMS chip. 
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Structuring and electric contacts are done using standard photo-lithography techniques. The etched diode mesas 
are octagonal with a diameter of 300 μm. The absorber layer is contacted with electroplated gold and the n+ layer 
with a transparent 100 nm thick Te layer deposited on top. A final ZnSe layer is used as AR coating towards the air 
cavity. 
2.R0A of thin photodiodes 
A good way to quantify the sensitivity of an infrared photo sensor, determined by the noise current density, is the 
R0A product, with the differential resistance of the unilluminated current voltage curve at zero bias R0 and the diode 
area A. There are two noise mechanisms limiting the theoretical possible performance [6]. (1) The diffusion limit is 
the ultimate limit for every photodiode. It is determined by the Auger lifetime, which is very long for IV-VIs, and 
the diffusion length Le  Ĳe De)½ ZLWKWKHHOHFWURQOLIHWLPHĲe and the diffusion coefficient D. For a thin absorber, as 
it is the case with a RCED, the layer thickness is much smaller than the diffusion length and Le is therefore replaced 
by the layer thickness. The sensitivity of the photodiode therefore increases with Le/d. For a layer with only 0.3 μm 
thickness this is an improvement by a factor of 40 [7]. Despite such a thin active layer, quantum efficiency remains 
high in a RCED due to the cavity enhancement effects. (2) Shorter carrier lifetimes are common due to Shockley-
Read (SR) generation and recombination of carriers at defects in the depletion region. The SR limit generally 
dominates at lower temperatures. 
%RWKGLIIXVLRQOLPLWIRUDWKLFNDQGIRUDPWKLQDEVRUEHUDQGWKHOLPLWGXHWRILQLWH65FDUULHUOLIHWLPHVĲSR 
of 1 ns, 10 ns and 100 ns are shown in figure 2 for a PbTe absorber [7]. The experimental R0A values are also shown 
in figure 2, measured for various discrete temperatures. They were derived from fitted current-voltage curves and 
corrected for series resistances. For temperatures above 200 K the experimental values are better than those for an 
optimized bulk diode, but below the theoretical limit for a thin absorber. This is due to defects in the thin active 
layer. The slope of the measured values changes to about half of the one of the diffusion limit towards lower 
temperatures, which indicates that the diodes are limited by Shockley-Read recombination at defects in the depletion 
region. This is supported by the change of ideality factors n* of the measured current-voltage curves, from 1 
indicating band to band recombination to 2 for SR recombination at lower temperatures. For temperatures below 
.WKHVORSHLVGHWHUPLQHGE\ĲSR = 10 ns. This value is much higher than expected from previous bulk PbTe 
photodiodes on Si substrates, where a rough agreement of the Shockley-Read lifetimes and the diffusion length was 
found [8]. There the limiting factor was the mean distance between threading dislocations within the active region. 
However, for a thin layer the material quality is similar or even worse, still the observed lifetimes are much greater. 
One plausible explanation for this behavior may be the limited thickness of the active layer. In the smaller volume 
less noise due to Shockley-Read generation and recombination of charge carriers occurs. 
 
Fig. 2: Measured R0A products and calculated limits of the sensitivity vs temperature. The ultimate diffusion limit is calculated for both a thick 
and a 0.3 μm thin absorber (solid). Shockley-Read limit is calculated for WKUHHGLIIHUHQWFDUULHUOLIHWLPHVĲSR of 1 ns, 10 ns and 100 ns (dashed). 
For temperatures above 200 K the experimental values (dots) are higher than the theoretical limit of an equivalent bulk absorber. 
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3.MEMS mirror 
The micromirror is essentially a silicon membrane suspended on thin arms and coated with a gold layer for high 
reflectivity (R > 99 %). Two electrostatic actuation setups (figure 3) have been realized and used [9]. The 
suspension geometry defines the elastic constant and thus the applied voltage needed for a certain displacement. In 
the parallel plate setup the mirror membrane itself acts as one of the opposing actuation electrodes. The 
displacement depends approximately quadratically on the applied voltage. The second setup is based on a comb-
drive actuator with alternating fingers of two different heights, one attached to the movable mirror and the other 
fixed. Here the actuation mechanism is based on the asymmetry of the electric field between the combs. For the 
comb-drive actuated version the mirror plate can be fabricated much stiffer. Deformations due to internal stress are 
then mainly induced into the suspension instead of the mirror plate. Hence, the membrane of the comb-drive variant 
is much more planar with a radius of curvature of 1-2 m than for the parallel plate design, where the radius is ~ 0.2 
m. The surface roughness is typically 2 nm RMS. 
The vertical travel of the micromirror is for both designs in the range of 3 μm (figure 3). This is more than 
sufficient to yield a shift to the next resonance mode order for the target wavelengths of 4-5 μm. Additionally the 
mirror can be tilted by applying different actuation voltages to the individual electrodes. This allows a parallel 
alignment of the movable mirror with respect to the DBR in one axis for the parallel plate setup and in two axes for 
the comb-drive setup. Here a total angle variation of 0.23° has been achieved. This would compensate an elevation 
GLIIHUHQFHFDXVHGE\WKHVSDFHUOD\HURIXSWRȝPIDUDERYHWKHXVXDOO\HQFRXQWHUHGWKLFNQHVVYDULDWLRQVLQVXFK
thin ILOPVZHOOEHORZȝP 
In both setups the membrane has mechanical resonances in the vertical direction at ~ 10 kHz. These mechanical 
resonance modes depend strongly on the geometry of the mirror and the suspensions, whereby the thickness of the 
suspensions has a major influence. Resonance frequencies can be designed to below 1 kHz for a vertical parallel 
mirror movement. The RCED could then be operated in such a mechanical resonant mode, thus allowing kHz 
scanning of the entire tunable range. 
4.Measurements 
In figure 4 the spectral response curves for the PbSrTe device as described above with a MEMS mirror in parallel 
plate setup are shown. For different actuation voltages the wavelength of the single detected peak is shifted. The 
FWHM of the resonance peak is ~150 nm. This is much broader than previously obtained 75 nm with a piezo driven 
top mirror [1,7]. One cause is definitely the by comparison low reflectivity of the single Bragg layer. Additionally 
 
Fig. 3: MEMS mirror in parallel plate design (left) and as comb-drive (right). The membrane is vertically movable by electrostatic actuation. 
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the cavity finesse is degraded due to curvature of the MEMS mirror membrane, slight deviation from parallelism of 
the mirror planes, dispersion due to surface roughness of the MEMS membrane, and the opening angle of the 
incoming beam [10]. While dispersion is negligible for infrared radiation, by optimizing the cavity an improved 
FWHM can be expected. With a comb-drive actuated MEMS mirror the curvature is lower due to a stiffer 
membrane and tilting is possible in two axis, thus allowing a much better adjustment. For samples with more than 
one Bragg layer the influence of the opening angle of the incoming radiation becomes prevalent [11]. There the 
FWHM was reduced by > 20 nm by using a smaller aperture. 
5.Conclusion 
We fabricated tunable resonant cavity enhanced devices (RCED) sensitive in the MIR range with an epitaxial 
Bragg mirror and a thin p-n+ heterojunction using IV-VI epitaxial layers. Tunability is achieved by moving the top 
micro-electro-mechanical micromirror, thus changing the cavity length and shifting the detection resonance 
wavelength. When fabricated as 2D arrays and combined with MEMS technology, large adaptive focal plane arrays 
may be realized where the spectral response of each pixel or groups of pixels may be tuned individually during 
operation. The RCED have intended operation temperatures of 100 K - 250 K. Above 200 K they can be cooled 
thermoelectrically. At this high temperature the sensitivity of the presented RCED is higher than the ultimate 
diffusion limit for band-band recombination of a conventional photodiode. Due to the much higher theoretical 
sensitivity limit for thin absorbing layers, further improvements are still possible by improving structural quality and 
processing. 
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Fig. 4: Measured single-mode spectral response curves of a PbSrTe RCED for different cavity lengths (background subtracted). 
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